Cardiac hypertrophy, induced by pressure overload, leads to a depression in the rate of force development, velocity of shortening, tension-dependent heat generation, and myosin ATPase activity, whereas cardiac hypertrophy, induced by thyroxine administration, leads to an increase in these parameters. These changes have been attributed, in part, to structural changes in myosin. In this study, we have investigated changes in the relative content of myosin isozymes and differences in primary structure of the isozymes in pressure-overloaded and thyrotoxic cardiac hypertrophy in the rabbit. Three myosin isozymic forms (Vi = fastest, V2 = intermediate, V3 = slowest mobility) were observed in pyrophosphate polyacrylamide gels from normal hearts with the V3 component being the predominant species. In the pressure-overloaded model, the Vi and V 2 components disappeared or were present in reduced amounts leaving the V 3 more predominant. The most striking difference was the isozymic profile produced in thyrotoxic hearts where the Vi became the predominant component and V2 and V3 the minor components. a-Chymotryptic digestion of myosin heavy chains produced characteristic, reproducible peptide patterns for each of the animal models, as did fluorographic analyses of a-chymotryptic digests of 14 C-iodoacetamide (IAA)-labeled SHi peptides of myosin. Our results suggest that altered proportions of myosin isozymes may be responsible for altered cardiac performance. (C/rc Res 50: [856][857][858][859][860][861][862][863][864] 1982) 
THE adaptations of the heart to hypertrophic stimuli are important to the survival of the animal and involve a spectrum of functional, morphological, and metabolic changes in the involved myocardial tissue (Wikman-Coffelt et al., 1979; Zak and Rabinowitz, 1979) . The heart, enlarged as a result of pressure overload (e.g., banding of the pulmonary artery), has a depressed velocity of unloaded shortening, rate of force development, tension-dependent heat production, and actin-activated myosin ATPase activity (Alpert et al., 1979a; Maughan et al., 1979) . Myocardial hypertrophy, following thyrotoxic stress, results in oppositely directed changes (Alpert et al., 1979a; Alpert and Mulieri, 1980) , whereas intermediate changes occur in a combination of those two models (Alpert et al., 1979b) .
Isozymic forms of myosin have recently been shown to exist within the heart (Hoh et al., 1977; Lompre et al., 1979) . It has been of particular interest to determine the extent to which altered myosin isozyme content of hypertrophied myocardium might explain changes in muscle performance and myosin function. Hoh et al. (1977) described the existence of three distinct myosin isozymes in normal rat ventricular muscle, the most prominent having the highest ATPase activity and the proportions demonstrating a strong age dependence. Most importantly, the isozymic profile was changed dramatically in extracts of ventricular myosin from hypophysectomized animals, the species with lowest ATPase activity becoming predominant. This change was prevented by daily treatment of the animals with thyroxine. Lompre et al. (1979) reported a similar change in isozymic pattern in extracts of ventricular myosin from pressure overloaded hearts in the rat, and Dillman (1980) reported the same for hearts from rats made diabetic with streptozotocin. Flink et al. (1979) have reported changes in ventricular myosin isozymes in hearts of thyrotoxic rabbits using an entirely different analytic probe involving cyanogen bromide peptide mapping.
Evidence also exists for alterations in the region of the myosin heavy chain molecule spatially near the first class sulfhydryl (SHi) group in preparations from pressure-overloaded (Thomas and Alpert, 1977) and from thyrotoxic (Banerjee et al., 1976) rabbit hearts. The extent to which these changes are due to altered isozyme profiles remains to be defined.
The goal of the present studies was to examine the possibility that altered proportions of myosin isozymes, differing in their primary structure, could explain alterations in myosin ATPase activities which have been observed in these specific hypertrophy models. Three different approaches were used to compare isozyme patterns from normal, pressureoverloaded, and thyrotoxic rabbit hearts: (1) analyses of native myosin isozymes in pyrophosphate-containing polyacrylamide gels; (2) analyses of enzymatic digests of myosin heavy chains in SDS-containing polyacrylamide gels; and (3) fluorographic analyses of these 5DS gels containing myosin heavy chain digests alkylated selectively at the SHi site with I4 Ciodoacetamide (IAA). We also examined myosin light chains from control and hypertrophied hearts in a further search for alterations in the structure of the intact contractile protein.
Methods

Animal Model
Experiments were carried out on right ventricular myocardium from male New Zealand White rabbits (approximate range 1.7 kg). Pressure-overloaded right ventricular hypertrophy was induced by reducing the size of the pulmonary artery by 66% with a spiral metal constrictor left in place for a period of 4 weeks (Hamrell and Alpert, 1977) . Thyrotoxic cardiac hypertrophy was induced by 14 daily intramuscular injections of 0.2 mg/kg body weight of Lthyroxine (Alpert and Mulieri, 1980) . Controls were weightmatched with the experimental group prior to the treatment.
Isolation of Myosin
Animals were killed by a blow to the head. Hearts were rapidly removed and weighed, and right ventricular myocardium was extracted for myosin according to the method of Shiverick et al. (1975) , except the KC1 concentration in the extraction buffer at step C was changed from 0.30 to 0.35 M, and 0.5 or 1.0 mM disodium ethylenediaminetetraacetic acid (EDTA) was added to each extraction buffer. This method gives a yield of 4-6 mg myosin/g starting material with a RNA content of less than 1% (Shiverick et al., 1975) .
Pyrophosphate Gel Electrophoresis
Methods were essentially as described by Hoh et al. (1977) . Samples were prepared by two techniques. The first involved homogenizing minced ventricular tissue in 50 volumes of extraction buffer (100 mM sodium pyrophosphate, pH 8.8, 5 min EGTA, and 2 mM 2-mercaptoethanol) using a motor-driven Potter-Elvhjem teflon-glass homogenizer. The homogenate was centrifuged at 48,000 g for 3 hours followed by mixing the supernatant with an equal volume of ice-cold glycerol. The second method involved diluting isolated myosin approximately 20-fold with 40 mM sodium pyrophosphate (pH 8.8), 1 mM EDTA, and 1 mM 2-mercaptoethanol to obtain a final protein concentration of 0.1 to 0.2 mg/ml. After the 48,000 g supernatant or purified myosin (1-2 jug of protein) was applied to the pyrophosphate gel, electrophoresis was carried out at 60 V (constant voltage) for 22 hours at 2°C using a Pharmacia electrophoresis chamber (GE-2/4) which circulates the upper and lower chamber buffers. Densitometric scans of the pyrophosphate gels were carried out using a laser beam densitometer of our own design having high spatial resolution.
Myosin Alkylation with "C-IAA
Dithiothreitol was removed from the purified myosin solution prior to alkylation by dialysis against a 100 volume excess of 0.05 M KC1, 0.05 M Tris (pH 8.0), 0.5 mM EDTA, and 2.5 mM pyrophosphate at 2°C for 4 hours under a steady stream of nitrogen (dialysate changed three times). Alkylation subsequently was carried out in the dark for 2 hours at 0°C in the presence of 0.05 M KG, 0.05 M Tris buffer (pH 8.0), 1 mM EDTA, 2.5 mM sodium pyrophosphate, and a 0:1 (control) or 16:1 molar ratio of I4 C-IAA to myosin at a final myosin concentration of 4.38 mg/ml. The reaction was stopped by adding dithiothreitol (DTT) to 960 molar excess (DTT:myosin).
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Myosin ATPase
Ca ++ -and (K T )EDTA-stimulated myosin ATPase activities were determined immediately after termination of the alkylation reaction with DTT by diluting control and alkylated myosins to a concentration of 0.1 mg/ml in the appropriate assay buffer (1 ml final assay volume). Ca ++ -stimulated ATPase activity was assayed in 0.05 M KC1, 9 mM CaCl 2 , 4 mM ATP, 0.05 M Tris buffer (pH 7.6). The assay mixture for (K + )EDTA-stimulated ATPase contained 0.6 M KC1, 1 mM EDTA, 5 mM ATP, 0.05 M Tris buffer (pH 7.6). The assays were carried out at 25°C and were stopped by the addition of 0.5 ml cold 20% HC1O 4 . Precipitated protein was removed by centrifugation and inorganic phosphate levels were determined by a modified Fiske-Subbarow (1925) method using a Technicon autoanalyzer.
Measurement of 14 C-IAA Incorporation into Myosin
The remaining alkylated myosin was dialyzed exhaustively (3 X 100 volumes) against 40 mM sodium pyrophosphate (pH 8.0), 1 mM disodium EDTA, and 0.01% 2-mercaptoethanol to remove unreacted 14 C-IAA, which was sufficient to reduce final dialysate radioactivity to background. Radioactivity, remaining and taken to be bound to myosin, was determined by counting 10-jul portions of the protein solution in 10 ml Aquasol using a Packard model 3320 liquid scintillation counter with an efficiency of 79% as determined using an external standard. The amount of 14 C-IAA incorporated into myosin was calculated from the following formula:
mol IAA 14 C-dpm/g myosin mol myosin S.A. of I4 C-IAA (dpm/mol) X 4.7 X 10 5 g/mol where: S.A. = specific activity of 14 C-IAA; 4.7 X 10 5 g/mol = molecular, weight of myosin.
Peptide Mapping
One-dimensional peptide mapping of myosin heavy chains was carried out essentially by the method of Cleveland et al. (1977) as modified by Rushbrook and Stracher (1979) . Samples of myosin in 1% SDS, 2.5 mM Tris-glycine (pH 8.3), 0.01% 2-mercaptoethanol, and 10% glycerol were electrophoresed into 5% SDS polyacrylamide gels (87 /iig/ well), after which myosin heavy chain bands were visualized by staining in 0.1% Coomassie brilliant blue R-250, 50% methanol, and 10% acetic acid for 15 minutes followed by destaining for 30 minutes in cold distilled water. The slices were stored at -20°C for later analysis. [Subsequent results were the same whether slices were used immediately or stored at -20°C until use (data not shown).] Heavy chain bands were soaked for 15 minutes in 10 ml of 0.1% SDS, 0.125 M Tris buffer (pH 6.8), 1 mM EDTA, and 0.01% 2mercaptoethanol in preparation for loading on mapping gels. One or two myosin heavy chain slices (amounts indicated in legend of Figure 2 ) were placed in wells of a Laemmli discontinuous slab gel consisting of a 4-cm-long 4.5% SDS polyacrylamide stacker (pH 6.8) and a 13-cmlong 9-19 t e% linear gradient SDS or SDS-9 M urea gel (pH 8.8). The myosin heavy chain slices were overlayed with 2 jug of a-chymotrypsin, and electrophoresis was then carried out for 16 hours (overnight) at 14 mA (constant current) increasing to 25 mA for 4 additional hours. Resultant peptide bands were visualized following electrophoresis by staining overnight in 0.025% Coomassie brilliant blue R-250, 25% isopropanol, and 10% acetic acid, followed by destaining for 2 hours in 10% acetic acid, restaining overnight, and final destaining as before. Digestion of the myosin heavy chain was also carried out using Staphylococcus aureus V8 protease (0.05 jug/well). The differences in peptide pattern between control and hypertrophy digests were not as striking as seen in the a-chymotryptic digests. Accordingly, the data are not presented.
Fluorography
The methods of Chamberlain (1979) were used. Peptide mapping gels of 14 C-IAA alkylated myosin were carried out as described above. Slab gels were then soaked in 10 volumes of water (with one change) for 1 hour followed by soaking for 30 minutes in 10 volumes of 1 M sodium salicylate (pH 5-7). The slabs then were dried under vacuum using a Bio Rad model 224 slab gel drier at 80°C for 5 l k hours. Kodak X-Omat X-ray film (X-R5) was then placed in contact with the slab and exposed in the dark at -70°C for 2-3 months.
Isoelectric Focusing
Isoelectric focusing of right ventricular myosin light chains 1 and 2 was carried out employing the methods of O'Farrell (1975) and Tuszynski et al. (1979) . The light chains were separated on SDS gels, stained, destained, sliced out, and soaked for 15 minutes in 2% ampholytes, 2.5% NP-40, and 9 M urea. After placing the light chains on a 4% slab gel consisting of 9 M urea, 4% acrylamide, 0.228% BIS, 2.5% NP-40, 2% ampholytes (1% pH range 3-10 and 1% pH range 4-6), 0.005% ammonium persulfate, and 0.0026 mg/ml of riboflavin, electrophoresis was carried out at 250 V (constant voltage) for 16 hours. Ampholytes were precipitated by placing the slab in 10% trichloroacetic acid with one change for 24 hours. The gel then was stained overnight in 0.025% Coomassie brilliant blue R-250, 25% isopropanol, and 10% acetic acid, destained for 2 hours in 10% acetic acid, restained overnight, and destained as before.
Miscellaneous
Protein concentration was determined by the biuret method (Goa, 1953) . At the time of animal sacrifice, serum thyroxine levels were measured by the laboratories of the Medical Center Hospital of Vermont, using the ARIA II thyroxine radioimmunoassay.
Statistics
For comparing differences between control and hypertrophy values, a Scheffe procedure or an analysis of variance using independent tests was carried out (Nie et al., 1975) .
Materials
Male New Zealand White rabbits were obtained from local breeders; L-thyroxine from Sigma (T-2501); a-chymotrypsin from Worthington Chemical Corp. (CDS 55J402X); Staphylococcus aureus V8 protease from Miles Biochemicals (36-900); [l-!4 C]iodoacetamide (NEC-221; specific activity 13.1 mCi/mrn) and Aquasol from New England Nuclear Corp; reagents for polyacrylamide gel electrophoresis and ampholytes from Bio Rad; molecular weight standards from Boehringer Mannheim (236-292 and 161365); NP-40 from Particle Data Laboratories; and X-ray film from Eastman Kodak. All other chemicals were reagent grade from Fisher or J.T. Baker.
Results
General Features
The stress used to alter the myocardium, influences body weight as well as organ weight (Table 1 ). The body weight of the thyrotoxic rabbits decreased by 19% during the treatment period, while the pressureoverloaded and control rabbits increased 30 and 47%, respectively. Right ventricular free-wall weights were 12% (NS) above control in the thyrotoxic model but increased by 45% (P < 0.001) in pressure-overloaded hearts. Ventricular weight normalized to body weight at sacrifice was increased significantly in both hypertrophy models. However, since the final body weights of the rabbits in the thyrotoxic and pressure-overloaded preparations were significantly less than the controls (Table 1) , this ratio may give an erroneous impression of the extent of hypertrophy. The dry: wet weight ratio of the liver was not altered in either model, indicating absence of edema and, therefore, no overt congestive heart failure (Hamrell and Alpert, 1977) . Serum thyroxine levels were significantly increased in the thyrotoxic rabbits, while the serum thyroxine levels of the pressure-overloaded rabbits were not significantly different from control values.
Ca ++ -stimulated myosin ATPase activity was depressed by 30% (P < 0.05) in preparations from pressure-overloaded rabbits, whereas Ca ++ -stimulated ATPase activity was increased 169% (P < 0.001) in preparations from thyrotoxic hearts ( Table 2) . (K + )ED.TA-stimulated myosin ATPase was not altered significantly in preparations from the pressure-overloaded and thyrotoxic models when compared to control values. .17 ± 0.05 (10) .31 ± 0.05 (7) .70 ± 0.13 (5)f Values are given as mean ± SE for (n) preparations. * Before surgery for the pressure-overloaded model, the average body weights (± SD) of rabbits for the control, pressure overload and thyrotoxic models were 1.7 ± 0.2, 1.5 ± 0.1, and 1.7 ± 0.2 kg. Two weeks later and prior to the thyrotoxic treatment, the rabbits for the thyrotoxic model weighed 2.3 ± 0.2 kg. t Significant difference (P < 0.001) vs. control.
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FIGURE 1. Pyrophosphate gel electrophoresis of native cardiac myosin from control (C), pressure overload (P), and thyrotoxic (T) hearts. Each gel was loaded with approximately 1 -2 pg of protein. Vi, V2, and V3 represent myosin isozymes differing in mobility rates using the nomenclature of Hoh et al. (1977) . Densitometric traces are presented to the left of each gel. When mixtures of control and thyrotoxic myosins and control and pressure overload myosins were carried out on the pyrophosphate gels, the expected intermediate patterns of the myosin isozymes were obtained. Similar results were obtained from analyses of preparations from 16 control, 11 thyrotoxic, and 11 pressureoverloaded hearts.
Pyrophosphate Gel Electrophoresis
Three distinct myosin isozymes were resolved in the pyrophosphate polyacrylamide gels of preparations from control hearts (Fig. 1) . The myosin band with the lowest mobility (V3) predominated, while the two bands with higher mobility (V2 and Vi) represented only a small percentage of the total myosin content.* In pressure overload models, the relative content of the V3 band was increased. V2 seemed to disappear while Vi faintly appeared only after overloading the gel. More striking was the isozymic profile produced by thyrotoxic hearts where the Vi band became the predominant component and V2 and V 3 , the minor components. Figure 2 shows representative peptide maps produced by a-chymotryptic digestion of myosin heavy chains. Dotted arrows in Figure 2 indicate peptide bands in digests of heavy chains from control hearts which stained weaker or disappeared in the hypertrophy models; solid arrows indicate bands which appeared as new peptides or in increased amounts in the models. Results were reproducible in 11 separate maps, involving analyses of heavy chains from eight control, 11 thyrotoxic, and five pressure-overloaded hearts. Results were also the same when different amounts of myosin were digested (Fig. 2) . In addition, * We have chosen to use the nomenclature of Hoh et al. (1977) in which bands are labeled in order of mobility. At the same time, we do not necessarily mean to imply identity of our bands with the corresponding ones identified by those authors. digests of mixed preparations gave the expected intermediate results (Fig. 2) . Three bands, indicated by dotted arrows in heavy chain digests from pressure-overloaded hearts (Fig. 2 , Pi and P2), showed markedly diminished staining intensity. These same bands were increased in relative intensity in digests from thyrotoxic hearts (Fig. 2 , solid arrows in gel patterns labeled Tl and T2). In addition, the thyrotoxic digests have several other bands with lower (dotted arrows) or higher (solid arrows) relative staining intensities (Fig. 2) .
Peptide Mapping
Comparable results were obtained when a-chymotryptic digests were displayed on SDS polyacrylamide gels containing 9 M urea though the patterns were somewhat different (data not shown).
U C-IAA Alkylation
The SHi groups, located spatially near ATP-binding sites of the native myosin molecule (Wells and Yount, 1979) , were selectively labeled with the radioactive sulfhydryl reagent, 14 C-IAA. As shown in Table  2 , Ca ++ -stimulated myosin ATPase activity was increased substantially, while (K + )EDTA-stimulated myosin ATPase activity was decreased for control and hypertrophy preparations. These changes in myosin ATPase are characteristic of SHi alkylation (Reisler et al., 1974; Schaub et al., 1975) . The degree of SHi alkylation was determined by correlating the amount of incorporation (Table 2, (105 fig each) . T3 refers to myosin heavy chains from thyrotoxic hearts electrophoresed without a-chymotrypsin treatment. Lanes containing 2 \ig of a-chymotrypsin without myosin heavy chains did not produce any visible peptides. Solid arrows indicate the peptide bands of control digests which either appeared as new bands or in increased amounts in the hypertrophy models. Dotted arrows indicate peptide bands of control digests which either stained weaker or disappeared in the two models. In the mixed preparations of control and hypertrophy heavy chains, solid and dotted arrows are placed in the region where changes occur in the hypertrophy digests.
calculations are based on the finding that there are two SHi groups per myosin molecule and each site is capable of reducing the (K + )EDTA-stimulated ATPase by 50% (Kunz et al., 1977) . Digests of radiolabeled peptides were identified fluorographically, as shown in Figure 3 . The pattern was reproducible and consisted of several different labeled peptides. This was expected from the studies of Balint et al. (1978) and presumably indicates that the region of intact myosin heavy chains containing the SHi groups may be digested selectively at several different sites and/or that SHi-containing peptides are different for different myosin isozymes.
The patterns of the isotopically labeled peptides were different in the pressure overload and thyrotoxic preparations. The intensity of 14 C-IAA labeling was greater in the 68,000 molecular weight region for the pressure-overloaded myosin heavy chain digests and in the 12,500 molecular weight region for digests from thyrotoxic hearts (Fig. 3) . The control pattern was closer to the pressure overload than to the thyrotoxic pattern ( Fig. 3) .
Isoelectric Focusing of Myosin Light Chains
Since myosin light chains are thought to be involved in maintaining the conformation of native myosin (Wagner and Giniger, 1981) , we examined the molecular weights and charge of myosin light chains from hypertrophied hearts. SDS gel electrophoresis (data not shown) and isoelectric focusing (Fig. 4) gave similar patterns for all preparations.
ATPase Activity and u C-Iodoacetamide Alkylation of Myosin
Discussion
The goal of this study was to evaluate whether altered proportions of the myosin isozymes could explain the observed changes in Ca ++ -or actin-activated myosin ATPase activities found in the pressureoverloaded and thyrotoxic hypertrophied rabbit hearts. The following results support this possibility:
(1) pyrophosphate gels showed the presence of three isozymes of myosin which had different relative amounts in each preparation (Fig. 1); (2) characteristic, reproducible peptide patterns resulted from a-chymotryptic digestion of myosin heavy chains from each of the animal models (Fig. 2) ; and (3) characteristic, reproducible patterns resulted from fluorographic analysis of a-chymotryptic digests of SHi labeled myosin from each model of hypertrophy (Fig. 3) .
The myosin isozymic profile was most strikingly changed in the thyrotoxic hearts in which case the predominant myosin isozymic component was shifted from V3 to Vi. This change has also been observed by 861 Martin et al. (1981) using thyrotoxic rabbit hearts. In the pressure-overloaded model, more subtle changes occurred in which the V2 and Vi components either disappeared or became much less predominant in proportion to the V3 components. Based on the Ca ++stimulated myosin ATPase measurements ( Table 2 , column 1), our results suggest that the V3 component possesses the lowest Ca ++ -stimulated ATPase activity, whereas the V] component has the highest Ca ++stimulated ATPase. This is similar to the results reported by Hoh et al. (1977) for rat hearts.
The peptide pattern from thyrotoxic hearts was dramatically different from control and pressure overload digests, suggesting that the primary structure of Vi is substantially different from V3. At the same time, the changes in peptide patterns in digests of heavy chains from pressure-overloaded hearts as compared with control were much less pronounced, although reproducible differences were always present.
The Vi isozymic form of myosin heavy chain represents but a small portion of total heavy chains in control and an even smaller proportion in pressureoverloaded hearts. Therefore, one would predict that there would be few differences in the peptide maps, as we found. The disappearance of a peptide band of significant intensity (Fig. 2, dotted arrow in 68,000 molecular weight region) was somewhat surprising, since it tentatively can be assigned to the Vi isozyme (see below), only a minor component. Whether this band represents a "major" peptide, however, cannot be resolved solely on the basis of its staining intensity, since Coomassie brilliant blue stains different proteins with variable intensity (Fazekas et al., 1963; Fishbein, 1972; Seidel and Murphy, 1979) and the variable extent to which individual peptides are digested and recovered as discrete bands has not been established. Finally, we found that the three bands with diminished intensity in maps of digests from pressure-overloaded hearts were of considerably reduced intensity in preparations from a control heart which contained less than 5% Vi isozyme by pyrophosphate gel analysis (data not shown). We would tentatively conclude that bands, relatively darker in thyrotoxic digests than in the control digests (e.g., major band in 155,000 and 68,000 molecular weight range), are from the Vi isozyme, whereas bands, relatively lighter in the thyrotoxic digests (e.g., band in 100,000 molecular weight region), are from the V3 isozyme (Fig. 2) . Discriminating peptide bands from the V2 isozyme would be difficult, since that isozyme is not present in large amounts in any of the three preparations. In addition, Hoh et al. (1979) have postulated that V2 in rat hearts is not an individual isozyme but, rather, a hybrid of Vi and V3 isozymes, and hence, V2 may contain no unique peptides.
Finally, the peptides of the control digests, which became lighter or disappeared in the pressure overload digests, appeared in increased amounts in the thyrotoxic digests (Fig. 2) . This general finding of reciprocal changes in the two hypertrophy models is consistent with the pyrophosphate gel analyses (Vi increases in thyrotoxic, decreases in pressure overload); it also is consistent with accompanying opposite changes in myosin ATPase activities (Alpert et al., 1979a) . The Ca ++ -stimulated ATPase activity of IAA-alkylated myosin was increased significantly in each preparation. A surprising result was that the Ca ++stimulated ATPase activity of alkylated myosin from thyrotoxic hearts was increased to a level greater than that for control myosin, although the percent stimulation was somewhat less than for control (Table 2) . Banerjee et al. (1976) reported that N-ethylmaleimide (NEM) treatment of cardiac myosin causes the Ca ++stimulated ATPase activities of myosin from control and thyrotoxic rabbit hearts to increase to the same final value. The control myosin in their study was stimulated more than the thyrotoxic myosin. In another study, Yazaki and Raben (1975) reported that neither NEM nor 5,5'-dithio-bis (2-nitro) benzoic acid (DTNB) stimulated the Ca ++ -stimulated ATPase of myosin from thyrotoxic rabbit hearts, whereas the Ca ++ -stimulated ATPase of myosin from control hearts was increased. IAA is known to react selectively with the SHi group on myosin heavy chains under conditions such as we used (Kunz et al., 1977; Balint et al., 1978) . NEM and DTNB, however, can react variously with both SHi and SH2 as well as other sulfhydryl groups under different conditions Pfister et al., 1975; Walser et al., 1981) . The reaction with the SH 2 groups prevents activation of Ca ++ -stimulated ATPase caused by SHi alkylation . It was not demonstrated whether both SHi and SH2 groups were modified in the experiments of Banerjee et al. (1976) and Yazaki and Raben (1975) . Thus, different results obtained with IAA in our experiments may have a specific explanation. Nonetheless, the importance of the problem warrants further careful analysis of SHi and SH 2 modification by different sulfhydryl reagents under different conditions for correlation with Ca ++ -stimulated ATPase activities measured simultaneously.
Our studies of Ca ++ -stimulated ATPase of myosin from thyrotoxic hearts raise the question as to why the Ca ++ -stimulated ATPase activities of myosin from control and pressure-overloaded hearts became equivalent after IAA treatment and as previously reported with NEM alkylation (Thomas and Alpert, 1977) . This may be simply the result of different degrees of alkylation for the control and. pressure overload myosins (Table 2, column 5).
The fluorographs showed reproducible differences in the relative intensities of bands present in all'three preparations. The bands in the higher molecular weight range (68,000) were most heavily labeled in digests from control and pressure-overloaded hearts, whereas the bands in the lower molecular weight range (12,500) were the most intense in digests from thyrotoxic hearts. The bands in the 21,500 molecular weight range appeared only slightly changed in relative intensities in the two hypertrophy models. From comparisons of these patterns with those of intact myosin heavy chain isozymes displayed on pyrophosphate gels, we would predict that the 68,000 14 C-IAA-labeled peptides are derived from the V3 isozyme (predominant in pressure-overloaded hearts), whereas the 12,500 14 C-IAA-labeled peptides are derived from the Vi isozyme (predominant in thyrotoxic hearts). It is unclear to which isozyme the 21,500 peptides belong.
Morkin and co-workers Flink et al., 1979) reported no difference in the 1 4 Ciodoacetate-labeled SHi peptides generated by cyanogen bromide digests of myosin from normal and thyrotoxic rabbit hearts. This is an apparent contradiction to our results. However, the SHi-peptide, obtained by cyanogen bromide digestion, has a molecular weight of approximately 8,000 (Flink et al., 1979) , whereas our a-chymotrypsin-generated SHi peptides were considerably larger. The combination of these results suggests the possibility that the amino acid sequence within the 8,000 SHi-containing peptide, as produced by cyanogen bromide, is the same for each myosin isozyme, whereas sequence differences between isozymes occur just outside that region of the peptide and are included in the larger SHi peptide produced by a-chymotrypsin.
As shown in Figure 2 , the differences in unlabeled peptides between the control and hypertrophy digests exist for peptides in the molecular weight range of 12,500-155,000. Since the SHi-labeled peptides were in the 12,500-68,000 molecular weight range, differences in the primary structure of the predominant myosin isozymes produced in the hypertrophy models likely involve both the enzymatic site as well as other regions of the myosin molecule.
Analyses of our hypertrophy models in terms of kinetics of ATPase activity, cross-bridge behavior, and tension developments have lead us to the conclusion that cardiac adaptation in pressure overload hypertrophy involves a decrease in the cross-bridge cycling rate, an increase in cross-bridge off-time, and an increase in the on-time of. the cross-bridge. For thyrotoxic hypertrophy, the adaptation involves an increase in the cycling rate, a decrease in the off-time, and a decrease in the on-time (Alpert et al., 1979a) . The former is adapted for slow economical tension development and the latter for rapid, less economical tension development. In the pressure-overloaded model, the predominant isozyme is a slow myosin (in terms of ATPase activity), whereas, in the thyrotoxic model, the predominant isozyme is the fast myosin. Thus, the ability of the heart to synthesize a certain type of isozyme in response to stress (pressure overload, thyrotoxic) may provide the basis for the type 863 of adaptation that is observed in the heart during stress.
The following important questions remain unanswered. What is the mechanism by which the relative proportion of myosin isozymes are altered? Are there also chemical modifications occurring near the enzymatic site of the myosin isozymes during hypertrophic development? And, finally, are these changes in myosin isozymes truly responsible for the altered performance in hypertrophied heart? Answers to these questions may require direct studies of the individual myosin isozyme species. Already studies have been initiated using monoclonal antibodies to isolate and quantitate each individual isozyme (Chizzonite et al., 1980) . It will also be important to undertake developmental studies as well as to examine altered patterns of myosin turnover which presumably account for the observations we and others have now made.
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